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audio signals having a desired sound-pressure response When 
reproduced by the speakers in the sound system. The desired 
sound-pressure response creates an apparent sound image 
location With respect to a listener. The image-corrected sig 
nals may then be spatially enhanced to broaden the apparent 
sound image. 
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ACOUSTIC CORRECTION APPARATUS 

This application is a continuation of US. patent applica 
tion Ser. No. 10/764,266, ?led on Jan. 22, 2004, now US. Pat. 
No. 7,043,031 Which is a continuation of US. patent appli 
cation Ser. No. 09/169,352, ?led on Oct. 9, 1998, now US. 
Pat. No. 6,718,039, Which is a continuation of US. patent 
application Ser. No. 08/508,593, ?led on Jul. 28, 1995, now 
US. Pat. No. 5,850,453, the entirety of Which are hereby 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates generally to audio enhancement sys 

tems, and especially those systems and methods designed to 
improve the realism of stereo sound reproduction. More par 
ticularly, this invention relates to apparatus for overcoming 
the acoustic de?ciencies of a sound system as perceived by a 
listener Which can result When speakers Within the sound 
system are not ideally positioned. 

2. Description of the Related Art 
In a sound reproduction environment various factors may 

serve to degrade the quality of reproduced sound as perceived 
by a listener. Such factors distinguish the sound reproduction 
from that of an original sound stage. One such factor is the 
location of speakers in a sound stage Which, if inappropriately 
placed, may lead to a distorted sound-pressure response over 
the audible frequency spectrum. The placement of speakers 
also affects the perceived Width of a soundstage. For example, 
speakers act as point sources of sound limiting their ability to 
reproduce reverberant sounds that are easily perceived in a 
live sound stage. In fact, the perceived sound stage Width of 
many audio reproduction systems is limited to the distance 
separating a pair of speakers When placed in front of a listener. 
Another factor degrading the quality of reproduced sound 
may result from microphones Which record sound differently 
from the Way the human hearing system perceives sound. In 
an attempt to overcome the factors Which degrade the quality 
of reproduced sound, countless efforts have been expended to 
alter the characteristics of a sound reproduction environment 
to mimic that heard by a listener in a live sound stage. 
Some efforts at stereo image enhancement have focused on 

the acoustic abilities and limitations of the human ear. The 
human ear’s auditory response is sensitive to sound intensity, 
phase differences betWeen certain sounds, the frequency of 
the sound itself, and the direction from Which sound ema 
nates. Despite the complexity of the human auditory system, 
the frequency response of the human ear is relatively constant 
from person to person. 
When sound Waves having a constant sound pressure level 

across all frequencies are directed at a listener from a single 
location, the human ear Will react differently to the individual 
frequency components of the sound. For example, When 
sound of equal sound pressure is directed toWards a listener 
from in front of the listener, the pressure level created Within 
the listener’s ear by a sound of 1000 hertZ Will be different 
from that of 2000 hertz. 

In addition to frequency sensitivity, the human auditory 
system reacts differently to sounds impinging upon the ear 
from various angles. Speci?cally, the sound pressure level 
Within the human ear Will vary With the direction of sound. 
The shape of the outer ear, or pinna, and the inner ear canal are 
largely responsible for the frequency contouring of sounds as 
a function of direction. 

The human auditory response is sensitive to both aZimuth 
and elevation changes of a sound’s origin. This is particularly 
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2 
true for complex sound signals, i.e., those having multiple 
frequency components, and for higher frequency components 
in general. The variance in sound pressure Within the ear is 
interpreted by the brain to provide indications of a sound’s 
origin. When a recorded sound is reproduced, the directional 
cues to the sound’s origin, as interpreted by the ear from 
sound pressure information, Will thus be dependent upon the 
actual location of speakers that reproduce the sound. 
A constant sound pressure level, i.e., a “?at” sound pres 

sure versus frequency response, can be obtained at the ears of 
a listener from loudspeakers positioned directly in front of the 
listener. Such a response is often desirable to achieve a real 
istic sound image. HoWever, the quality of a set of speakers 
may be less than ideal, and they may not be placed in the most 
acoustically-desirable location. Both such factors often lead 
to disrupted sound pressure characteristics. Sound systems of 
the prior art have disclosed methods to “correct” the sound 
pressure emanating from speakers to create a spatially correct 
response thereby improving the resulting sound image. 

To achieve a more spatially correct response for a given 
sound system, it is knoWn to select and apply head-related 
transfer-functions (HRTFs) to an audio signal. HRTFs are 
based on the acoustics of the human hearing system. Appli 
cation of an HRTF is used to adjust the amplitudes of portions 
of the audio signal to compensate for spatial distortion. 
HRTF-based principles may also be used to relocate a stereo 
image from non-optimally placed loudspeakers. 
The efforts made in the prior art to correct acoustic de? 

ciencies Within an audio reproduction system have often 
focused on the de?ciencies present in automobile sound sys 
tems. One such attempt is disclosed in both US. Pat. No. 
4,648,117 issued to Kunugi, et al., and US. Pat. No. 4,622, 
691 issued to Tokumo, et al. In the disclosures of Kunugi and 
Tokumo, a system for correcting sound absorption levels and 
for avoiding sound Wave interference is described for use 
Within a vehicle. The disclosed system includes a sound 
pressure correcting circuit and a signal-delay circuit for 
achieving the desired frequency response. The sound-pres 
sure correction is achieved by a high-frequency boost of the 
sound signal applied in three stages. The ?rst stage is a high 
frequency correction for the average sound absorption factor 
of a vehicle, the second high-frequency correction stage is 
dependent upon the sound absorption factor of a speci?c 
vehicle, and the third high-frequency correction factor is 
dependent upon the number of passengers seated Within the 
vehicle. 

In US. Pat. No. 5,146,507 issued to Satoh et al., an audio 
reproduction system control device is disclosed for correcting 
the frequency response of a given reproduction environment 
to match that of a standard frequency response characteristic. 
The system in Satoh provides a correction parameter for 
sound signals directed to front left, front right, rear left and 
rear right speakers of a sound ?eld, such as in an automobile. 
Prestored acoustic characteristics relating to frequency and 
re?ection are utiliZed to adapt the audio reproduction control 
device to a variety of sound environments. 

Another system designed to modify a frequency response 
characteristic Within an automobile is disclosed in US. Pat. 
No. 4,888,809 issued to Knibbeler. The system of Knibbeler 
attempts to create a ?at frequency response at tWo separate 
non-coincident listening positions, such as the front and rear 
positions in an automobile passenger compartment, by 
adjusting a pair of ?lter units. Each of the ?lter units receives 
an input signal and affects an output signal delivered to a 
corresponding sound transducer. 

Still other patents disclose sound systems, Which alter an 
audio signal to equaliZe the frequency response. Such patents 
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include U.S. Pat. No. 5,371,799 issued to Lowe, et al., U.S. 
Pat. No. 5,325,435 issued to Date, et al., U.S. Pat. No. 5,228, 
085 issued to AylWard, U.S. Pat. No. 5,033,092 issued to 
Sadaie, U.S. Pat. No. 4,393,270 issued to van den Berg, and 
Us. Pat. No. 4,329,544 issued to Yamada. 

SUMMARY OF THE INVENTION 

Despite the contributions from the prior art, there exists a 
need for an image correction apparatus Which can easily be 
adapted to a variety of sound reproduction environments 
Which have distorted spatial characteristics. There is also a 
need for such an image correction system Which operates in 
conjunction With an image enhancement apparatus to spa 
tially enhance the corrected stereo image. 

The acoustic correction apparatus as disclosed herein, and 
the associated methods of operation, provide a sophisticated 
and effective system for improving a sound image in an 
imperfect reproduction environment. 

To achieve an improved stereo image, an image correction 
device divides an input signal into ?rst and second frequency 
ranges Which collectively contain substantially all of the 
audio frequency spectrum. The frequency response charac 
teristics of the input signal Within the ?rst and second fre 
quency ranges are separately corrected and combined to cre 
ate an output signal having a relatively ?at frequency 
response characteristic With respect to a listener. The level of 
frequency correction, i.e., sound-energy correction, is depen 
dent upon the reproduction environment and tailored to over 
come the acoustic limitations of such an environment. The 
design of the acoustic correction apparatus alloWs for easy 
and independent correction of the input signal Within indi 
vidual frequency ranges to achieve a spatially-corrected and 
relocated sound image. 

Within an audio reproduction environment, speakers may 
be placed at a location remote from a listener’s ears thereby 
adversely affecting a sound image perceived by the listener. 
For example, Within an automobile, speakers for producing 
loW, mid, and high range audio signals may be positioned in 
door panels beloW the listener’ s ears. The acoustic correction 
apparatus of the present invention relocates the sound image 
to an apparent position near the listener’s ear level. 

In some audio reproduction environments, the high-fre 
quency transducers, or tWeeters, are placed at locations 
remote from mid-range or loW-frequency transducers, i.e., 
mid-range or Woofer speakers. In an automobile, mid-range 
speakers are often placed in door panels or similar locations 
located near the legs or feet of a listener. TWeeters, hoWever, 
may be positioned at a height near or above the listener’ s ear 
level to avoid interference or absorption by surrounding 
objects. The small size of tWeeters alloWs for such remote 
placement Within a vehicle. When tWeeters are placed near a 
listener’s ear, the sound pressure level at the listener’s ears 
among the high-frequency ranges may be greater than the 
corresponding loW-frequency ranges. Accordingly, the 
acoustic correction apparatus is designed so that correction of 
the higher frequency components may be either positive or 
negative. That is, the higher frequency components may be 
either boosted or attenuated, relative to a loWer frequency 
component, to compensate for remote placement of the tWeet 
ers. 

Through application of the acoustic correction apparatus, a 
stereo image generated from playback of an audio signal may 
be spatially corrected to convey a perceived source of origin 
having a vertical and/or horizontal position distinct from the 
position of the speakers. The exact source of origin perceived 
by a listener Will depend on the level of spatial correction. In 
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4 
the context of an automobile, the acoustic correction appara 
tus disclosed herein may be used, in connection With door 
mounted speakers, to achieve a substantially ?at frequency 
response at an occupant’s ear. Such a response Will create an 
apparent stereo image positioned in front of the listener at 
approximate ear level. 
Once a perceived sound origin is obtained through correc 

tion of spatial distortion, the corrected audio signal may be 
enhanced to provide an expanded stereo image. In accordance 
With a preferred embodiment, stereo image enhancement of a 
relocated audio image takes into account acoustic principles 
of human hearing to envelop the listener in a realistic sound 
stage. In those sound reproduction environments Where a 
listening position is relatively ?xed, such as the interior of an 
automobile, the amount of stereo image enhancement applied 
to the audio signal is partially determined by the actual posi 
tion of the speakers With respect to the listener. 

According to one preferred aspect of the invention, an 
audio correction device is adaptable to an automotive sound 
system of a vehicle for spatially enhancing a stereo image 
projected by the automotive sound system With respect to a 
listener situated Within a driver seat of the vehicle. The 
vehicle also has a forWard-section passenger seat and the 
automotive sound system comprises a pair of speakers 
mounted Within a respective driver-side door and passenger 
side door of the vehicle Wherein the speakers are positioned 
beneath a pair of ears of the listener. 
The preferred audio correction device comprises a stereo 

image correction circuit connected to the automotive sound 
system for receiving a stereo sound signal, the stereo sound 
signal exhibiting audio distortion With respect to the listener 
When played through the speakers, the image correction cir 
cuit modifying components of the stereo sound signal to 
generate a corrected stereo sound signal, the corrected stereo 
sound signal compensating for the audio distortion to provide 
an apparent sound image for the listener When the corrected 
stereo sound signal is played through the speakers. 

In addition, the preferred audio correction device further 
comprises a stereo image enhancement circuit receiving the 
corrected stereo sound signal for broadening the apparent 
sound image, the stereo image enhancement circuit modify 
ing the stereo sound signal to generate a spatially enhanced 
sound signal for playback through the speakers, the image 
enhancement circuit comprising a means for isolating the 
stereo informational content of the stereo sound signal, an 
equalizer for applying a level of amplitude boost to said stereo 
informational content as a function of frequency Wherein said 
level of boost is characterized by a maximum gain beloW 200 
hertz and characterized by a minimum gain between 1 kHz 
and 5 kHz, and means for combining said stereo informa 
tional content With said stereo signal to create said spatially 
enhanced sound signal. 

In another embodiment, the stereo image correction circuit 
divides an audible frequency spectrum into a loW frequency 
range and a high frequency range relative to the loW fre 
quency range, the image correction circuit modifying com 
ponents of the stereo sound signal Within the loW frequency 
range independently of components Within the high fre 
quency range. 

In another embodiment, the distortion results from place 
ment of the speakers Within the door Whereby the speakers are 
pointed toWards respective sides of the listener, the speakers 
characterized by an angle of sound dispersion such that the 
listener’s ears are positioned substantially outside of the 
angle of sound dispersion. 

In another embodiment, playback of the spatially enhanced 
sound signal through the speakers has an apparent effect of 
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rotating the apparent sound image towards the listener, and 
Wherein the minimum gain of the stereo informational con 
tent signal is a function of the position of the speaker system 
With respect to the listener. In another embodiment, the dis 
tortion results from sound-absorption characteristics of an 
interior of the vehicle. 

According to another aspect of the invention, an audio 
enhancement apparatus is operative upon left and right stereo 
input signals provided by a stereo reproduction device for 
playback through a speaker system having a ?xed location 
Within an audio reproduction environment, the enhancement 
apparatus modifying the stereo input signals to obtain an 
improved stereo image by compensating for acoustic limita 
tions created When the input signals are reproduced by the 
speaker system Within the audio reproduction environment. 
The audio enhancement apparatus comprising a stereo image 
correction circuit receiving the left and right stereo input 
signals and modifying the input signals to generate energy 
corrected left and right stereo signals, the energy-corrected 
left and right signals creating a corrected spatial response 
When played through the speaker system and heard by a 
listener in the audio reproduction environment, the corrected 
spatial response creating an apparent sound image With 
respect to the listener to obtain a realistic and redirected sound 
experience for the listener. 

This embodiment of the audio enhancement apparatus fur 
ther comprising a stereo image enhancement circuit receiving 
the energy-corrected left and right stereo signals and gener 
ating enhanced left and right stereo signals for enhancing the 
apparent sound image to provide an improved sound image 
perceived by the listener When the enhanced left and right 
stereo signals are reproduced through the speaker system and 
Wherein the energy-corrected left and right signals are char 
acterized by a ?rst difference-signal component representing 
the difference betWeen the energy-corrected left and right 
signals, and the enhanced left and right stereo signals are 
characterized by a second difference-signal component rep 
resenting the difference betWeen the enhanced left and right 
signals, the second difference-signal component selectively 
equalized With respect to the ?rst difference-signal compo 
nent. 

In another embodiment, the acoustic limitations are a func 
tion of the ?xed location of the speaker system With respect to 
the listener. In another embodiment, the acoustic limitations 
are inherent characteristics of the speaker system. In yet 
another embodiment, the apparent sound image is de?ned by 
an azimuth and elevation With respect to the listener different 
from that of the speaker system. 

In another embodiment, the acoustic limitations are a func 
tion of the ?xed location of the speaker system With respect to 
the listener and a function of sound absorption characteristics 
of the audio reproduction environment. In yet another 
embodiment, the corrected spatial response is characterized 
by sound-pressure energy levels Which are substantially con 
stant across all audible frequencies above 100 Hz With respect 
to the listener. 

In another embodiment, the stereo image correction circuit 
comprises a ?rst correction circuit for modifying components 
of the left and right input signals Within a ?rst frequency range 
to create a ?rst corrected stereo signal component, a second 
correction circuit for separately modifying components of the 
left and right input signals Within a second frequency range to 
create a second corrected stereo signal component, and means 
for combining the ?rst and second corrected stereo signal 
components to generate the energy-corrected left and right 
signals. 
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6 
In another embodiment, the means for combining also 

combines a respective one of the input signals With the ?rst 
and second corrected stereo signal components to generate 
the energy-corrected left and right signals. In yet another 
embodiment, the ?rst corrected stereo signal component 
comprises signals having frequencies betWeen approximately 
100 Hz to 1 kHz, and the second corrected stereo signal 
component comprises signals having frequencies betWeen 
approximately 1 kHz to 10 kHz. 

In another embodiment, the second corrected stereo signal 
component is attenuated by the energy-correction circuit. In 
yet another embodiment, the second correction circuit boosts 
the input signal components Within the second frequency 
range to generate the second corrected stereo signal compo 
nent, the means for combining further comprising a sWitch 
having a ?rst position and a second position, Wherein the 
second corrected stereo signal component is added to the ?rst 
corrected stereo signal component by the means for combin 
ing When the sWitch is in the ?rst position, and the second 
corrected stereo signal component is subtracted from the ?rst 
corrected stereo signal component When the sWitch is in the 
second position. 

In another embodiment, the stereo image enhancement 
circuit comprises an equalizer for altering a frequency 
response of the ?rst difference signal to create the second 
difference signal by applying a perspective equalization 
curve to the ?rst difference signal, the perspective equaliza 
tion curve characterized by a maximum-gain turning point 
occurring at a maximum-gain frequency Within a ?rst fre 
quency range of approximately 100 to 200 hertz and the curve 
characterized by a minimum-gain turning point occurring at a 
minimum- gain frequency Within a second frequency range of 
approximately 1680 to 5000 hertz. 

In another embodiment, the maximum gain is Within a 
range of approximately 10 to 15 dB, and the minimum gain is 
Within a range of approximately 0 to 10 dB. In yet another 
embodiment, the maximum gain, the maximum-gain fre 
quency, the minimum gain, and the minimum-gain frequency 
are dependent upon the ?xed location of the speaker system 
With respect to the listener. In an additional embodiment, the 
perspective equalization curve is a function of an angle cre 
ated between (1) the path of direct-?eld sound emanating 
from the speaker system and impinging upon a proximate ear 
of the listener, and (2) a plane parallel to the listener’ s forWard 
line-of-sight. 

In another embodiment, the audio enhancement apparatus 
is implemented in digital format by a digital signal processor. 
In yet another embodiment, the audio enhancement apparatus 
is implemented using discrete circuit components. In addi 
tional embodiment, the left and right stereo input signals are 
synthetically generated from a monophonic audio signal 
source. In an additional embodiment, the left and right stereo 
input signals are part of an audio-visual composite signal. 

In another embodiment, the audio enhancement apparatus 
is constructed as a digital and analog hybrid circuit. In yet 
another embodiment, the audio enhancement system is con 
tained Within a semiconductor substrate. In an additional 
embodiment, the audio enhancement system is contained 
Within a multi-chip module. 

In another embodiment, the audio reproduction environ 
ment is the interior of an automobile having ?rst and second 
door panels positioned on opposite sides of a driver of the 
automobile and Wherein the speaker system comprises a ?rst 
speaker positioned Within the ?rst door panel and a second 
speaker positioned Within the second door panel. In yet 
another embodiment, the audio reproduction environment is 
associated With an electronic keyboard apparatus having a 






























